ABSTRACT: Recent realizations of exotic topological states in condensed matter and cold atoms have advanced the exploration for topological characteristics, such as invariant topological orders and band inversion. Here we construct a 1D optical diatomic system made of split ring resonators with electric-magnetic couplings to implement the topological features. We experimentally measure the dispersion relationship and sub-lattice pseudospin vectors by detecting field strength distributions, which determines the accompanying winding number of bulk band as the topological order. The sublattice pseudo-spin vector inversion observed at band-edges evidences the band inversion. We further reconfirm the band-inversion-induced topological phase transition by measuring the symmetry exchanges at band-edges. These results have shown the great potential of split ring resonator platform to experimentally explore the advanced topological characteristics, such as high winding numbers or even high Chern numbers in more exotic setups. KEYWORDS: Topological transition, Band inversion, Winding number Topology, as a mathematical discipline that studies invariant throughout continuous changing, has attracted much broad attention in physics since the advent of topological insulators (TIs) 1 . Promising applications of TIs and relevant concepts can be found from dissipationless quantum transport 2 to noise-robust quantum computation 3 , where the nontrivial properties are characterized by the topological invariant of Bloch bands. The most well-known 2D example is the Chern number 4 , an quantized integer related to the Berry's phase 5 crossing the Brillouin zone, which characterizes the fundamental physical phenomena of quantum (spin) Hall effect [6] [7] [8] [9] [10] [11] and TIs. For a 1D system, such as SSH model originally introduced in an electronic context named after Su-Schrieffer-Heeger 12 , the topological invariant is usually defined as winding number 13 . Though certain topological features related to winding number have been explored in crystals 14 and more recently in various artificial periodic lattices for cold atoms 15 , acoustic waves 16 or photons 17 , directly measurement of winding number has not yet been implemented in experiments.
Topology, as a mathematical discipline that studies invariant throughout continuous changing, has attracted much broad attention in physics since the advent of topological insulators (TIs) 1 . Promising applications of TIs and relevant concepts can be found from dissipationless quantum transport 2 to noise-robust quantum computation 3 , where the nontrivial properties are characterized by the topological invariant of Bloch bands. The most well-known 2D example is the Chern number 4 , an quantized integer related to the Berry's phase 5 crossing the Brillouin zone, which characterizes the fundamental physical phenomena of quantum (spin) Hall effect [6] [7] [8] [9] [10] [11] and TIs. For a 1D system, such as SSH model originally introduced in an electronic context named after Su-Schrieffer-Heeger 12 , the topological invariant is usually defined as winding number 13 . Though certain topological features related to winding number have been explored in crystals 14 and more recently in various artificial periodic lattices for cold atoms 15 , acoustic waves 16 or photons 17 , directly measurement of winding number has not yet been implemented in experiments.
Experimentally, the technical difficulties make measuring topological features in such systems remain a challenging issue, which have prompted scientists to explore other controllable platforms for analogous realizations. Moreover, in addition to measuring winding number, finding a simple method to measure topological features is significant. It is then natural to consider to observe the band-inversion and topological edge states. These phenomena, initially discussed in the context of condensed matter physics 18, 19 , was subsequently investigated in artificial structures, such as microwave resonator chains 20, 21 , a coupled double Peierls chain 22 and quasi-1D cavities 23 .
Here we construct a versatile optical platform to reveal topological features with a 1D microwave optical diatomic system, which is made of split ring resonators (SRRs) with hybrid electric-magnetic couplings 24 . We directly measure the winding number as the topological order in this SSH-like diatomic chain to distinguish different topological phases. In particular, we measure the bulk band dispersion and the associate pseudo-spin vectors. The band inversion is demonstrated by detecting the pseudo-spin inversion and symmetry exchange of the states at band-edges. All these results can be obtained by probing the field profile distributing over the whole chain. Although determing topological features has been experimentally explored in cold atom 15, 25 , photonic systems 26, 27 and acoustic systems 16, 28 by measuring geometric phase, measuring the topological order in 1D systems, i.e., the so-called winding number, is still open and yet to be solved. In what follows, we will show how to see the winding number and band inversion in our controllable experimental platform.
■EXPERIMENTAL SETUP AND ANALYTICAL MODEL.
We employ the diatomic SRR chain with alternating coupling 1  and 2  to directly measure topological order and band inversion. As depicted in Figure 1a , the chain is placed in a plane parallel waveguide whose cutoff frequency exceeds the eigenfrequencies of the system to ensure that the far-field radiation is suppressed and the near-field coupling, a key factor in tight-binding description, is dominant. An example of a unit cell, with the gaps of the two split rings are next to each other (we refer to this configuration as P1), is shown in the partial enlarged drawing in Figure 1a . Starting from configuration P1, the rings can be rotated around their centers simultaneously to mimic polyacetylenes with different topological phases 12 and six representative configurations are obtained and shown in Figure 2 . In the following we will consider a general case whose unit cell is formed by a pair of arbitrarily oriented split rings (Figure 1b) . The equation of motion can be approximated as follows 30 ■TOPOLOGICAL PHASE TRANSITION IN OPTICAL SYSTEM.
In our special system, topological phase transition can be realized by rotating all rings instead of changing their locations like others 30 ， 31 . As shown in Figure 2 , starting from P1 configuration, the trace (represented by color-coded line) of alternating coupling ( 
where the normalized eigenvector . As a consequence, the bandgap closes and reopens at the Brillouin zone center and the symmetries of two bandedge states at k 1 0 exchange, similar to the band inversion process in electronic systems [32] [33] [34] [35] . The topological transition is also indicated by the discrete change of winding numbers between 0 and 1, calculated from Equation (2) . From P2 to P3, merely the intracoupling 1  changes sign. As a result, the bands deform and the bandgap location moves from the center to the edge of the Brillouin zone, with their winding numbers intact. From P3 to P4, the color-coded line cross the line of 12   backwards and forwards for several times (see the partially enlarged drawing in the inset of Figure. 2). The situations for P4 to P5 and P5 to P6 can be also discussed similarly. When directly comparing P1 and P6, it can be regarded that the topological phase transition is associated with the band inversion happens at k 1 ±π and the winding numbers switch discretely from 0 to 1. 
■MEASUREMENT OF BAND INVERSION AND WINDING NUMBERS.
The determination of 2D topological order, Chern number, has been theoretically proposed and experimentally implemented in 2D photonic crystals 36, 37 , microwave networks 38 , cold atoms [39] [40] [41] [42] . The 1D topological order, winding number, recently has also been explored experimentally in circuit QED 43, 44 and skyrmions systems 45 . Our 1D optical diatom system provides alternative feasibly controllable platform, thus we follow a different scheme to determine the topological order experimentally. The topological order, that is winding number in our system, can be determined by measuring the rotating pseudospin vectors in k space directly.
Here we impose P1 and P6 chain consisting of 18 SRRs to implement the microwave measurements. The lattice sites are occupied by copper SRRs that are coupled by the evanescent near-field electromagnetic field. The tight-binding-like coupling terms κ depend on the relative orientations between two rings. The resonance frequency ω0 of an isolated SRR is around 1.90 GHz and corresponds to the on-site energy of atoms in the tight-binding model. The experiments are performed in the frequency range of 1.50 to 2.35 GHz with a Network Analyzer connected to two probes by 50 Ohm transmission lines (the probes are both non-resonant circular loop antennas of 2mm radius with high impedance). One antenna acting as the exciting source is placed parallel with and directly below the first ring to excite the ring. The magnetic field along the chain is then detected by another probe moving along the axis of the chain at a certain distance above the rings. Though the 50-Ohm loaded probe is not matched to the analyzed structure, the detected magneticfield signal is proportional to the current in the ring. Thus we can regard the detected signals as the flowing alternating currents. With the measured current in each ring, we can determine the dispersion characteristics from the spectrum function, or say, the dynamical structural factor 46 Sk  in Figure. 3, the experimental dispersion curves fitted by brighter spots are in good agreement with white dash lines based on calculated eigenfrequencies (details can be found in the part of methods). The discrete wave vectors k are acquired due to the finite short length (unit number) of the system. Nevertheless, the clear existence of midgap state in P6 band structure demonstrates that the chain configuration P6 belongs to the topological non-trivial class, consistent with the theoretical prediction.
Further, by applying discrete Fourier transform to obtain the quasi-periodic Bloch functions:
with C the normalization factor, we can obtain the two components of the pseudo-spin as [17] :
We make the components of normalized pseudospin vectors in Px−O−Py plane for the upper and lower bands. As shown in Figure  4 , the ordinal numbers are labelled beside the balls, aim to show how the pseudospin vector evolves in k space. With Equation (2), the winding numbers of configuration P1 and P6 are exact 0 and 1 for both ends (upper and lower), respectively. Excellent agreement with the theoretical prediction is clearly seen. Owing to the finiteness of the short chain limited by our experiments, the distribution of the balls is not so even. Even so, it does not influence or mislead our judgement of the winding numbers acquired from distinct topological bands. We further draw all measured pseudospin vectors on the dispersion curves with the first phasor in Figure 3a always taken in vertical upward as the reference. Comparing Figure 3a (Figure 4a) and Figure 3b (Figure 4b) , it is quite apparent that the direction of the pseudospin vectors is inverted at the edge of Brillouin zone, corresponding to the band inversion 1 .
■MEASUREMENT OF THE SYMMETRY OF THE BAND-EDGE STATES.
Finally, we measure the symmetry of band-edge states as a complementary evidence of the topological phase transition and band inversion 47 . The eigenfrequencies at band-edge are indicated by the black vertical lines in Figures 5a and 5f , which show the amplitudes of currents on the 18 SRRs for P1and P6 chain. With the point by point measurements, the current profile distributions at band-edge frequencies can be easily obtained. Results are displayed in Figures 5b-e and Figures 5g-j. We can see that for P1 chains, the modes at band-edges share the same symmetry in both lower and upper bands, meaning that the chain is topological trivial 28, 47 . For P6, the modes at band-edges have different symmetries in both lower and upper bands, indicating that the chain must be topological nontrivial 29, 47 . These results agree with the measurement of winding numbers. Combining the dispersion curves of P1 and P6 chain, the measured symmetries of the current profiles at k 1 ±π are inverted: 1↔8, 4↔5, which also can be found in the even-odd symmetry exchange of current profiles on the central two SRRs. 
■CONCLUSIONS
We have shown that a 1D periodic optical system of SRRs is an excellent platform to realize advanced concepts such as winding number, band inversion and topological midgap states. The experimental samples can be made with minimal cost and the results are intuitively easy to understand. The optical system is rather unique in the sense that Bloch states in real spaces can be measured straightforwardly and, at the same time, the Bloch states depending on wave vector k can be determined with discrete Fourier transform. As such, the global or say non-local properties can be measured locally. These attributes made it possible to straightforwardly determine the winding number of a bulk band, as well as other topology-related properties. Though all the results in this article are demonstrated in a one-dimension system, these methods have the potential to explore the relationship between the symmetry of the eigenmodes, geometrical and topological properties of bulk bands, as well as the bulk-edge correspondence in higher dimensions, which may also be useful to other applications, such as designing more complex topological artificial matters, reconstructing the geometric curvature and Bloch state Hamiltonian, and implementing topological quantum computing 48 .
■ METHODS
Identify the symmetry of the band-edge state. The eigenvectors of Equation (1) . (6) Because the coupling coefficient can be positive or negative in our system, we then discuss the symmetries of band-edge states in four cases: 1. How to calculate and measure the winding number. The winding number is the number of loops made by a Bloch state around the equator of the Bloch sphere, as k passes through the Brillouin zone. For our model, it can be expressed as follows:
Here, we rewrite Equation (6) as follows: 
By numerical calculation, the winding numbers for both upper and lower band are 1 when
12
  , while they are 0 when
Though calculating the winding number is simple, measuring winding number is still a big challenge. In the following, we will give a theoretical framework about how to measure winding number. With Equations (1) and (6), we notice that 
Measurement of spatial current distributions. In our 1D optical system containing 18 SRRs, the pseudospin vector can be determined by measuring the spatial current distribution at each eigenfrequency. The experiments were performed in the frequency range of 1.5 to 2.35GHz with a Network Analyzer connected to two probes by two 50-Ohm transmission lines (the probes are both non-resonant circular loop antennas of 2mm radius with high impedance). One antenna acted as the exciting source was placed parallel with and directly below the first ring to excite the ring. The current along the chain was then detected by another probe moving along the axis of the chain at a certain distance above the rings. For P6 configuration, the spatial current distribution at two edge modes are not shown. The red squares represent the measured results while the black squares denote the calculated results. They are matching well.
With each measured spatial current distribution, the two corresponding pseudospin vectors are labeled in green arrow lines.
